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Abstract 
The effect of PCB ' s , DDT, phosphorus and zooplankton density on 
the photosynthetic parameters Alpha and PBm was investigated . If 
these parameters prove reliable as functional indicators , their use 
may s"'implify the process of monitoring aquatic ecosystems. 
cultures were used in experiments which involved the 
radioactive carbon labeling and an artificial light incubator . 
Unialgal 
use of 
Alpha 
and PBm increased in response to the addition of phosphorus in 
Anabaena flos-aquae cultures deficient in this nutrient and to 
increasing densities of Daphnia ~ in cultures of Chlorella 
yul~aris . DDT had a stimulatory effect on Alpha but not on PBm in 
Anabaena flos-aquae while PCB's had no effect on either parameter . 
Chlorophyll concentration in the incubator bottle negatively affected 
Alpha probably through self shading . 
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INTRODUCTION 
The use of photosynthetic parameters as functional indicators of 
aquatic ecosystems, is not new. Because functional indicators such as 
primary production are dynamic and rate related compared to structural 
indiQators (e.g. biomass) which characterize an ecosystem at one point 
in time, they may be extremely useful tools for ecosystem analysis. 
For decades, limnologists have been measuring the primary productivity 
of aquatic systems using a variety of methods such as the oxygen 
method (e.g • • light-dark bottle) and the Carbon-14 method (first used 
by Steemann- Nielson; 1951). Along with a gradual refinement in the 
methods for measuring primary productivity (see Peterson 1980 for 
discussion of the Carbon- 14 method) , mathematical models have been 
developed which provide a basis for comparing and testing theories 
describing the relationship between environmental factors and primary 
productivity . 
Ryther and Yentsch (1957) proposed a model which permits the 
estimation of primary productivity from in- situ chlorophyll and light 
measurements (at various 
assimilation number ( g c 
depths) using 
/g chlorophyll/h) 
a field determined 
of 3 .7 . Steele (1962) 
argued that a single (average) assimilation number could not be used 
in all situations and proposed a model based upon two fundamental 
parameters , Alpha and PBm. Alpha is the slope of the linear portion 
of the photosynthesis-light curve at low irradiance (amount of carbon 
fixed per unit of chlorophyll per hour per unit of light intensity; 
1 
Fig . 1) • PBm is the maximum rate of carbon production at light 
saturation (mg C fixed per mg chlorophyll per hour; Fig . 1). In 
developing his model . Steele (1962) considered variables such as 
nutrient availability • algal adapt ion . temperature and 
photoinhibit ion . 
, 
Bannister (1974) rewrote a number of production equations in 
terms of the quantum yield (maximum) which is the ratio of the rate of 
photosynthesis and the rate at which light is absorbed by the 
phytoplankton. The maximum quantum yield is closely related to but 
not the same as Alpha and according to Bannister. is a more reliable 
production parameter (than PBm) because it is less affected by 
environmental factors such as temperature (Bannister 1974) . Bannister 
claims that primary production is mainly dependent upon light 
absorption by the phytoplankton and therefore upon the extinction of 
light by the water . suspended solids ~n the water and by the 
phytoplankton . The use of maximum quantum yield to estimate primary 
product ion r~quires a separate measurement of the extinct ion 
coefficient for phytoplankton in situ which is difficult to obtain 
and limits the use of this model (Bannister 1974; Bannister and 
Weidemann 1984) . 
Jassby and Platt (1976) took a number of primary production 
models (including Steele ' s original equation) and rewrote the 
equations ~n terms of Alpha and PBm. The models were evaluated 
experimentally using a light incubator and from the data obtained. 
they found that a hyperbolic tangent model best described the results . 
2 
Fee (1984) developed software (based on one equation) which 
calculates Alpha and PBm from primary production data 3 (mgC/m /hr) 
obtained from a light incubator. Using these parameters and in situ 
light measurements . total productivity in the water column being 
studied can also be determined from the model . 
/ 
The use of PBm and Alpha as functional indicators will depend to 
a large extent upon their ability to reflect perturbations in the 
ecosystem and to remain fairly constant or predictable during periods 
of stability. This in turn will depend upon how these parameters are 
effected by environmental factors such as temperature. light (shade 
adaption). nutrients. toxic chemicals and zooplankton grazing. The 
relationship between Alpha and PBm is also of interest; if they 
respond differently to environmental factors. one may prove a more 
reliable functional indicator. According to Platt and Jassby (1976) 
they reflect separate parts of the photosynthetic process and 
therefore might be expected to react differently to various 
environmental factors. Alpha may be the more stable parameter because 
it reflects the cell's photosynthetic response to sub-optimal 
irradiances and 1s therefore limited by light absorption in the cell . 
PBm is measured under light saturation and therefore is more dependent 
on biochemical capacity which is responsive to temperature and other 
environmental factors (Platt and Jassby 1976; Steele 1962). 
Field studies (Platt and Jassby 1976. Harrison and Platt 1980; 
Rhee and Gotham 1981) support Steele (1962) and Bannister (1976) who 
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suggest that PBm is temperature dependent and alpha is relatively 
insensitive to temperature changes normally found ~n aquatic 
environments. Fee et al . (1987) claim that temperature sets an upper 
limit on PBm. Platt and Jassby (1976) report a high correlation 
between PBm and temperature and no correlation between Alpha and 
tempe~ature. However , field studies demonstrate a high correlation 
between Alpha and PBm (Platt and Jassby 1976; L i e t a 1. 1 9 80 ; 
Carpenter 1985 ; Fee et al. 1987) which suggests that both parameters 
may be related to some unknown variable such as cell shape and size or 
nutrient condition (see Platt and Jassby 1976) . 
Steele (1962) and Bannister (1974) suggest that Alpha may be less 
sensitive to shade adaption than PBm . Shade adaption is a change in 
the photosynthetic response to changes in the light environment (to 
which the algae have been recently exposed). Carpenter (1985) reports 
a increase in both PBm and Alpha as daylight decreased during the year 
(they measured a community response) while Platt and Jassby (1976) 
found that PBm was not correlated and Alpha was correlated with recent 
solar radiation. Platt and Jassby (1976) theorize that variations ~n 
cell size and shape affect self shading (see Taguchi 1976 for 
discussion of effect of cell s~ze on PBm and Alpha) which has a 
greater impact on Alpha than PBm. A recent laboratory study, found 
that PBm decreased with increasing shade adapt ion (decrease ~n 
irradiance during growth) in both algae species while Alpha decreased 
~n one and remained unchanged in the other (Falkowski and Owens 1980). 
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Several studies have found a negative correlation between PBm and 
chlorophyll concentration in situ (Harrison and Platt 1980; Gliwicz 
1975). This could result from self shading by the algae (which would 
increase with increased phytoplankton density) or an 1ncrease 1n 
nutrient supply due to nutrient recyling by the zooplankton . Gliwicz 
(1975)Ystesses the role of zooplankton in phosphorus recycling through 
grazing. The lower phytoplankton concentrations (due to grazing) may 
result in faster cycling of phosphorus and therefore more phosphorus 
availabile to the algae . In a phosphorus limited system, this could 
result in an increase in PBm. 
Both laboratory (Smith 1983; Senft 1978; Glover 1980; Laws and 
Bannister 1980) and field studies (Smith 1979; Harrison and Platt 
1980; Fee et al . 1987) have examined the relationship between 
nutrients (particularly phosphorus and nitrogen) and the 
photosynthetic parameters . Of particular interest is the relative 
importance of nutrients 1n the determination of Alpha and PBm . Do 
these parameters respond to changes in ambient (or cellular) nutrient 
levels or is the in- situ light environment (prior to measurement of 
the parameters), the major factor determining PBm and Alpha? 
Bannister and Laws (1980) stress the dependence of PBm upon the light 
environment to which the phytoplankton bas been recently exposed (as 
opposed to nutrient availability) while Smith (1983) and Senft (1978) 
emphasize the importance of nutrient limitation in the regulation of 
PBm. Alpha is thought to be less sensitive (than PBm) to changes 1n 
the nutritional condition of the phytop l ankton (Steele 1962 ; Bannister 
5 
1974) because it is less dependent upon biochemical systems 1n the 
cell. 
Some field studies have established a correlation between 
nutrient levels and PBm (Glooschenko and Curl 1971; Takahashi et al. 
1973; Smith 1979; Fee et al. 1987) while others (Harrison and Platt 
}"· 
1980) failed to establish any relationship between ambient nutrient 
levels and PBm. Fee et al. (1987) stress the effect of nutrient 
perturbations on PBm and Alpha and state that the wide range of values 
found during a nine year stud_y reflect the susceptibility of small 
lakes (in their study area) to nutrient changes. Laboratory studies 
have demonstrated that nutrient (phosphorus and nitrogen) limitation 
does affect PBm (Keenan and Auer 1974; Senft 1978; Glover 1980; Smith 
1983). Glover (1980) found a large variation of responses to 
nutrient (nitrate and iron) limitation among eleven algae species and 
concludes that PBm is of limited value in predicting the nutrient 
status of natural populations. unless the species composition is 
known. 
Algal species composition does affect Alpha and PBm (Senft 1978; 
Falkowski and Owens 1980; Glover 1980); therefore field results will. 
at least to some extent. reflect the species present. Glover's (1980) 
concern about the use of PBm as an indicator when species composition 
is not known. raises the question of whether PBm or Alpha are useful 
indicators of nutrient perturbations in aquatic ecosystems which are 
dynamic with respect to changes in species composition. This may 
depend on our understanding of the manner in which other factors (such 
6 
as species composition) interact with nutrients to affect these 
parameters . 
Studies of the effects of toxic chemicals such as organochlorines 
on photosynthesis and growth of phytoplankton suggest a species 
specific reaction (Gotham and Rhee 1982 ; Lederman and Rhee 1982; 
~ 
Fisher and Wurster 1973; Lin and Simmons 1981 ; Harding and Phillips 
1978; Mosser et al . 1972) . Most studies have focused only on the 
effects of these chemicals on phytoplankton growth although several 
have also examined the effects on photosynthesis . In most studies , 
the pesticide levels used , far exceeded those found in most aquatic 
systems (for discussion see Gotham and Rhee 1982) . It would be more 
meaningful to demonstrate that Alpha and PBm respond to organochlorine 
concentrat i ons normally found in the environment. 
Photosynthesis was stimulated (Gotham and Rhee 1982; Lederman 
and Rhee 1982; Glooschenko and Glooschenko 1975), unaffected (Fisher 
1975; O' Connors et al . 1978) or inhibited (Harding and Phillips 1978; 
Glooschenko 1971) by exposure to organochlorines . Harding and 
Phillips ( 1978) report a decrease 1n the slope of the photosynthesis 
light curve (Alpha) in response to PCB ' s . The type of organochlorine 
chemical affects the response (Gotham and Rhee 1982 ; Powers et al . 
1975; Powers et al. 1977; Fisher 1975) as does the dosage used 
(Glooschenko 1971; Powers et al . 1975; O' Connors et al . 1978;) . 
Generally, growth was inhibited by organochlorines (Mosser et al. 
1972; Fisher and Wurster 1973 ; Powers et al. 1975 ; Fisher 1975; 
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O'Connors et al . 1978; Lin and Simmons 1981; Gotham and Rhee 1982; 
Lederman and Rhee 1982). 
In this study, I investigate the effect of various environmental 
variables such as nutrients, toxic chemicals and zooplankton abundance 
on PBm and Alpha by using batch culture techniques and an artificial 
~ 
light incubator (Shearer et al. 1985) . Although many field studies 
have examined the correlation between various environmental variables 
and these parameters . an experimental approach 1s needed which will 
attempt to isolate the variables that affect PBm and Alpha. The 
larger, overall goal of the study is to evaluate (on a very limited 
basis) whether the photosynthetic parameters Alpha and PBm are useful 
as functional indicators of aquatic ecosystems especially with regard 
to chemical changes in these systems. 
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METHODS 
General Procedure 
Anabaena flos-aquae (UTEX No.l444) and Chlorella vulgaris were 
obtained from the University of Texas Collection of Algae (Starr 1978) 
p 
and Carolina Biological Supply House , respectively. Both algae were 
maintained in axenic culture in a modified Guillard's Woods Hole MBL 
medium (Nichols, 1973) buffered with tris (Table 1). Initially , the 
medium (MG-1) was modified to contain 126 mg/L NaHC03 and 10 mg/L 
KHC03 (Smith 1983) . Subsequently , the level of NaHC03 was reduced to 
63 mg/L (MG- 2) after a marked change in appearance of Anabaena 
£los-aquae was noted relative to cultures maintained in the MBL 
medium. Stock cultures were maintained in the MG-2 media prior to the 
nutrient, pesticides and zooplankton experiments . 
All media were freshly prepared and dispensed into 250 ml foam 
stoppered Pyrex flasks (SO ml per flask) and autoclaved prior to use. 
Sterile techniques were used to transfer algae which were grown at 
20±2°C in a gr owth cabinet (Percival) with a 16 hr day/night cycle. 
Light intensity on the outside of the flasks was 70-80 uE/m2/sec , 
supplied by GE ··cool White·· fluorescent bulbs. All pipettes and 
glassware used in culture maintenance were washed in phosphate free 
RBS and rinsed with NANOpure water. NANOpure water was used for all 
media preparation . Polycarbonate screw top flasks were used for the 
Nutrient Experiment and were acid rinsed after RBS cleaning. 
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Cultures were transferred weekly. Four distinct lines were 
maintained and used to supply cells for the experimental cultures. 
Prior to an experiment and periodically . cells were checked for 
bacterial contamination using stock media enriched with yeast extract 
(1%-W/V) and incubated at 34°C without light for several days. A 
contfminated line (flask) was eliminated and restarted from an 
uncontaminated line. 
Pre-Experimental Procedure 
Flasks containing either MG-1 or MG-2 media were inoculated 
approximately 0.5 ml of algae suspension (density approximately 
cells/ml) from stock cultures during the log phase of growth (7th 
with 
3xl05 
day 
after inoculation) . Culturing procedures were the same as those for 
stock cultures except in the nutrient enrichment experiment. 
Fourteen days before the Nutrient Experiment. a transfer was made 
from stock culture flasks into experimental flasks (polycarbonate) 
containing 50 .ml of starvation medium (lacking phosphorus ; Table 1). 
After seven days. a second transfer was made into flasks containing 
low-phosphate media (Table 1). This procedure reduced cellular 
phosphorus to very low 
capable of responding 
deplete their reserves 
levels while still retaining healthy cells 
to phosphorus additions . Allowing cells to 
of phosphorus through growth in a phosphorus 
sufficient medium is a less desirable method due to problems with 
luxury consumption and the increased age of the cells available for 
testing (Kennan and Auer 1974). 
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General Experimental Procedure 
In general . experiments were designed as Model 1 Analysis of 
Variance (Zar 1984) at P = 0.05 with 3 replicates per level of the 
factor. Data are reported as PBm or Alpha . Photosynthetic parameters 
were determined with a light incubator (Figs . 2 and 3 ; see Shearer et 
~ 
al . 1985 for a detailed description) and software developed by Fee 
(1984) . Samples were incubated at five light levels (Figs . 3 and 6) 
with light provided by a 400W halide lamp (Sylvania MS400K/HOR) . 
Light from this lamp is concentrated in the photosynthetically active 
region (PAR) and was monitored with a Licor 1935A spherical quantum 
sensor. Temperature was maintained with a Blue M 
refrigeration unit . 
Chlorophyll a was determined fluorometrically (Turner Model 11 1 
fluorometer) using glass fiber filters , 90% alkaline acetone and a 
tissue grinder (Wetzel and Likens 1979). Dissolved inorganic carbon 
was analyzed with a Beckman Model 864 infra- red analyzer coupled with 
a Spectra- Physics 59200 computing integrator (Herczeg and Hesslein 
1984) . 
Production Parameters 
Incubator bottles were inoculated with 0.6 ml (6 microcuries) of 
14c solution (pH 9- 10) using a continuous pipet ter . Incubation was 3 
to 4 hours. After incubation, a 3 . 5 ml subsample was removed from the 
bottles and placed in 25 ml glass vials. Acidification and bubbling 
in a vacuum chamber apparatus (Wessels and Birnbaum 1979) removed 
11 
. . 14c k 1norgan1c . not ta en up by 
twenty-minute bubbling resulted 
cells 
in 
(Schindler et 
the removal of 
al. 1972), 
99.6% of 
unassimilated radioactive carbon (Fig. 4) , Immediately 
A 
the 
after 
bubbling. 20 ml of ACS (Amersham) counting scintillant was added to 
each vial . Radioactive carbon uptake was measured with a Packard 
Tr ica~>rb 400 liquid scintillation counter using the external 
standardization method for determining counting efficiency. 
Activity available was determined by counting unbubbled 
subsamples from the dark bottles . A potential problem in measuring 
aqueous carbonate-based radiocarbon 1s the loss of activity when 
placed directly 1n certain scintillation cocktails (Iverson et al . 
1976 ; Weimer et al . 1975) , An experiment (Fig . 4) was run to determine 
the loss of activity with the ACS scintillant . As a result . 20 ul of 
phenylethylamine was added to each vial as a C02 absorber to prevent 
loss of activity. 
Experimental P·rocedures 
Position Effect Experiment 
To verify that no position on a specific wheel was favored with 
respect to light or temperature. a positional effects test was run 
(Tables 2 and 3). Sixty bottles were filled from a homogeneous algae 
mixture (with MG-2 media) and incubated together for three hours. The 
two bottles in each bracket (Fig . 3) represented duplicates at each 
position (on all five wheels) , permitting six sets of ten bottles to 
12 
be compared . 
bottle sets. 
Alpha and PBm values were determined for twelve-five 
Phytoplankton Density Experiment 
-~G-1 media was used for the experimental cultures, grown for 7 
days under stock culture conditions. Immediately prior to the 
incubation test, the stock flasks were blended together . After 
chlorophyll analysis , measured volumes were diluted to establish four 
distinct chlorophyll levels ranging from 2 ug/L to 10 ug/L. 
Bottle Effect Experiment 
Preparation was identical to the Phytoplankton Density Experiment 
except a uniform algal density was used to fill all bottles. Glass 
bottles (60 ml , 130 ml and 250 ml) were filled with the algae mixture 
and incubated. 
Nutrient Experiment 
After six days growth ~n the low-phosphate medium (see 
pre-experimental section) , the content of the flasks were combined . 
Chlorophyl l content was determined and equal volumes of this mixture 
were added to four containers of starvation media bringing total 
volume to 2 liters. Phosphorus , as K2HP04 , was added to three 
containers at the 8 ug P/L, 16 ug P/L and 24 ug P/L levels. The 
fourth container served as a control (no Padded). The accurracy of 
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the phosphorus additions was confirmed by soluble reactive phosphorus 
(SRP) analysis of samples taken immediately following additions . KCl 
was added to three containers to compensate for the K added with the 
K2RP0 4 (Healey . 1979). The contents were mixed thoroughly. placed in 
!-liter polycarbonate flasks and returned to the growth cabinet for 20 
hours. ~ 
After addition of phosphorus to P-deficient cells. a period of 
phosphorus assimilation is necessary before photosynthesis returns to 
normal levels. Phosphorus addition actually depresses photosynthesis 
temporarily and therefore a positive response to the four P levels 
would not be observable if testing had taken place immediately after 
phosphorus addition (Healey. 1979). A series of preliminary 
experiments ~n which 14c uptake was tested at var~ous times after 
P-addition. demonstrated that the optimum time to evaluate carbon 
uptake occurs approximately 12-24 hours after P-addition. 
Zooplankton Experiment 
Daphnia ~ and Chlorella yul2aris were used to test the effect 
of zooplankton grazing on Alpha and PBm. Anabaena £los-aquae was not 
suitable because this species proved to be a poor food source for the 
~ ~. Feeding was demonstrated by labeling ~ yul2aris with 14c 
and measuring uptake of 14 the C by the ~ pulex after a three hour 
period (method described in Arnold 1971). 
The Chlorella was cultured in MG-2 media for 7 days. A uni fo rm 
suspension of algae and medium (MG-2) was prepared and divided into 
14 
four equal volumes (21 each) in 3 liter flasks. To three of the four 
flasks , Daphnia ~ were added at the 20 , 40 and 80 organisms/L 
level and allowed to feed for three hours . The fourth (no Daphnia 
added) served as a control. The Daphnia were removed by filtering, 
prior to incubation. 
p 
Toxic Chemical Experiments 
Anabaena flos - aquae was cultured in MG- 2 media for six days at 
which point the culture flasks were combined and blended with fresh 
MG-2 media to produce a homogeneous algae blend. This was divided 
into four- 2 liter volumes in three liter flasks. To three of the four 
flasks , the chemical was introduced by innoculating with 200 uL of 
acetone containing the appropriate level of the chemical (DDT or PCB; 
Lin and Simmons 1981). The fourth flask which contained the same 
level of acetone , served as a control . DDT was added at the 20, 40 
and 80 ng/L level and PCB ' s (Arochlor 1254) at the 25 , 50 and 100 ng/L 
levels . The flasks were mixed thoroughly, capped with parafilm and 
returned to the growth cabinet for 24 hours . 
15 
RESULTS 
Positional Effects and Bottle Experiments; 
There was no significant difference (P> 0.05) between PBm values 
(Table 2) or Alpha values (Table 3) for the six positions (of ten 
bottles) that were compared. Bottle volume did not significantly 
affect PBm (Table 4) or Alpha (Table 5) over the range of volumes 
compared . 
Phytoplankton Density Experiment 
Chlorophyll concentration did not affect PBm (Table 6) but did 
affected Alpha (Table 7) . The results of the Alpha ANOVA are 
difficult to interpret. When individual chlorophyll levels are 
compared (Tukey ' s Multiple Comparison Test). only the difference 
between the 4.3 ug/L level and the 7.0 ug/L level is significant (P< 
0.05). the former having the higher Alpha value. 
Nutrient Experiment; 
There was an increase (P< 0 .05) ·in both PBm (Table 8) and Alpha 
(Table 9) in response to increasing amounts of phosphorus added to 
P-deficient Anabaena flos-aquae. When individual phosphorus treatment 
levels are compared (for both PBm and Alpha). the difference between 
the 0 ug/L and 8 ug/L . levels and the difference between the 16 ug/L 
and 24 ug/L levels. is not significant (P> 0.05; Tukey ' s Test). 
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Differences between the 0 ug/L and 16 ug/L levels , the 0 ug/L and 32 
ug/L levels, the 8 ug/L and 16 ug/L levels and the 8ug/L and 32 ug/L 
levels were significant (P< 0 . 05 ; Tukey ' s Test). 
Toxic Chemical Experiments; 
}~ 
Addition of DDT had a stimulatory effect on Alpha (Table 11) but 
no effect on PBm (Table 10) . The mean Alpha of the control (0 ng/L) 
is significantly (P< 0.05) lower than any of the three DDT l evels 
(20 , 40 , 80 ng/L) , while there is no significant difference (P> . 05) 
between any of the DDT levels (Tukey's Test). 
The addition of PCB ' s did not (P> 0.05) affect PBm (Table 12) or 
Alpha (Table 13) . 
Zooplankton Experiment; 
The addition of Daphnia ~ to the ~hlorella cultures resulted 
Ln a significant (P< 0 . 05) increase 1n both PBm (Table 14) and Alpha 
(Table 15). With respect to Alpha , differences between any two 
treatment levels are significant (P< 0.05; Tukey's Test). With 
respect to PBm, only the difference between the control (no 
zooplankton) and 80 Daphnia/L level is significant (P< 0.05; Tukey ' s 
Test) . The chlorophyll concentration declined with increasing 
zooplankton concentration (Appendix 1 ) . 
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DISCUSSION 
The use of an artificial light incubator to measure primary 
production in aquatic systems, has found wide acceptance (Shearer et 
al. 1985; Platt and Jassby 1976; Harrison and Platt 1980; Schindler 
1971; -~ee et al. 1987). Estimates of whole-lake primary productivity 
from incubator data and in situ light measurements possess a degree of 
precision equaling or exceeding in situ incubations (Bower et al. 
1987). Long term studies have used the incubator methodology to 
evaluate trends in Alpha and ·PBm and to determine the effect that 
environmental variables have on these parameters (Fee et al 1987; 
Platt and Jassby 1976). The usefulness of PBm and Alpha as functional 
indicators of aquatic ecosystems will depend on the number of factors 
that effect them. Reliability will be greater if they depend upon as 
few variables as possible and respond only to major perturbations to 
the ecosystem such as inputs of nutrients or toxic chemicals. If 
Alpha and PBm are to be useful as indicators of major perturbations, 
factors such as temperature, zooplankton density, recent solar 
radiation or phytoplankton composition should have a minimal or 
predictable effect on these parameters. 
Theoretically, Alpha should be the more stable of the two 
parameters because it depends upon the photosynthetic response of the 
the chloroplast pigments and should be less dependent upon species 
composition and other factors such as temperature, nutrient condition 
and shade adaption (Platt and Jassby 1976; Bannister 1974). However, 
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studies have found that Alpha ~s influenced by species composition 
(Falkowski and Owens 1980 ; Platt and Jassby 1976), responds to shade 
adaption (Falkowski and Owens; Platt and Jassby; Taguchi 1976) but is 
not correlated with temperature (Platt and Jassby 1976) . PBm should 
be less stable than Alpha since it is measured at optimal light ; 
theref9-re it reflects the ··dark reactions·· of photosynthesis which are 
chemical processes, the overall rate of which is dependent on 
temperature and concentrations of chemicals within the cells (Platt 
and Jassby 1976 ; Bannister 1974; Harrison and Platt 1980). In fact . 
PBm is highly correlated with temperature (Platt and Jassby 
Harrison and Platt , 1980) , dependent on species (Glover 
1976 ; 
1980; 
Falkowski and Owens 1980 ; Senft 1978) and responsive to cellular 
phosphorus and nitrogen levels (Smith 1983; Senft 1978; Glover 1980) . 
I examined a range of values for each environmental variable that 
reflects conditions found (or anticipated) in aquatic systems . Both 
parameters responded to the environmental variables , although Alpha 
was more responsive ~n that more variables influenced Alpha than 
affected PBm (Appendix 3). Similarly, Platt and Jassby (1976) report 
that their findings do not support the theory that Alpha is more or 
less constant . They suggest that their observed -five fold -
variation in Alpha values (during one year of sampling) was primarily 
due to variations in phytoplankton composition and changes in the 
irradiance to which the algae were exposed. The photosynthetic 
machinery varies somewhat from species to species and cell design , 
shape and chloroplast density impact the cell's ability to gather 
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available light and therefore on Alpha (Taguchi 1976). In my study. 
these variables were controlled by using monocul t ures with cells of 
similar age . 
An interesting discovery was that Alpha and PBm are highly 
correlated (Platt and Jassby 1976). It had been theorized that these 
,p. 
represented independent . uncoupled cell processes and therefore would 
not be correlated (Platt and Jassby 1976; Jassby and Platt 1976) . 
Platt and Jassby suggest a possible reason for the high positive 
correlation is that even though the parameters demonstrate marked 
differences in their relationship with many variables. they may be 
similarly affected by some ''unknown'' variable. possibly cell shape and 
size (see Taguchi 1976) or nutrient status (Platt and Jassby 1976). 
Bottle Experiment (Tables 4 and 5) 
Increasing the incubator bottle size should have the same effect 
as increasing phytoplankton density because light attenuation (within 
the bottle) by · the phytoplankton will increase as the width of the 
bottle increases (see Fig. 3) . although we did not find a significant 
change in either Alpha or PBm. Nutrient availability did not vary 
because each bottle was filled with the same cell suspension 
(chlorophyll concentration; Appendix 1). 
This experiment demonstrates that variations in bottle size (used 
1n the incubator) from 60 ml to 250 ml do not affect PBm or Alpha . 
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although normally a standard bottle size would be used during a test 
program. 
Phytoplankton Density Experiment (Tables 6 and 7) 
In aquatic ecosystems , the density of phytoplankton 
throug~out the year and therefore the methodology used to 
varies 
measure 
Alpha and PBm should attempt to eliminate errors in incubator light 
measurement caused by phytoplankton light attenuat ion . This 
experiment evaluated the photosynthetic response of cells grown under 
identical conditions and subjected to different phytoplankton 
densities in the incubator bottle . The chlorophyll concentrations 
(four levels) were chosen to reflect the normal range of values found 
in Lake Ontario (Makarewicz 1985). 
The significant decrease in Alpha (and not in PBm) with 
increasing chlorophyll concentrations, suggests that light 
availability ~s the major factor involved . Because Alpha is 
calculated from. measured irradiance, any error in light measurement 
will affect Alpha (see Shearer et al. 1985). If there is less light 
reaching the algae within the high density (of phytoplankton) bottle 
compared to the low density bottle (due to light attenuation by the 
phytoplankton), differences ~n Alpha may be the result of differences 
in light availabi l ity due to attenuation by the algae cells (see 
Taguchi 1976 for discussion of self-shading effects on Alpha). 
Incubator light measurements were taken outside of the bottles in this 
study (Fig. 3) therefore no compensation for light attenuation (by the 
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phytoplankton) was made. PBm, as measured here, should be less 
sensitive to small differences in available light because it is the 
maximum photosynthetic rate (Jassby and Platt 1976) and will be 
reached as long as light saturation is achieved. 
It is unlikely that nutrient availability, under the experimental 
~ 
conditions used, affected Alpha although increasing the phytoplankton 
density within a fixed volume, can deplete nutrients at a faster rate 
and nutrient depletion does affect photosynthesis (Senft 1978; Smith 
1983) . To compensate for nutrient depletion, fresh media was supplied 
immediately before incubation (when chlorophyll levels were 
established) with incubation terminating about five hours later. In 
addition, PBm was uneffected which indicates that nutrients were ~n 
sufficient supply (Senft 1978). 
The most likely reason for the significant decrease in Alpha (but 
not PBm), was our inability to compensate for self shading (light 
attenuation in the bottle) by the phytoplankton that probably 
increased as phytoplankton density increased. A possible solution to 
this problem is irradiance measurements taken within the bottle or the 
use of flat sided bottles that minimize the dimension along the 
horizontal incubator axis. The obvious implication for any incubation 
method that is that Alpha measurements from samples of widely 
disparate chlorophyll concentrations could vary, solely due to self 
shading (phytoplankton density). 
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Nutrient Experiment (Tables 8 and 9) 
In situ photosynthesis is often related to ambient phosphorus and 
nitrogen levels (Smith 1979 ; Fee et al. 1987) although some studies 
have failed to establish a link between the two (Harrison and Platt . 
1980). Fee et al. (1987) claim that both Alpha and PBm are effected 
b ~ . y nutr1en~ changes in lakes that are nutrient limited . In my 
experiment . a phosphorus deficiency was created by starving the algae; 
nutrient perturbations were simulated by adding increasing amounts of 
phosphorus. The levels of phosphorus selected were within a range of 
possible values for near shore Lake Ontario (Rockwell and Palmer 
1985). Since the phosphorus was added to batch cultures . the ambient 
P-levels decreased during the experiment reaching concentrations less 
than 5 ugP/L prior to the incubation. 
The increase 1n PBm and Alpha in response to P-additions 1s 
consistent with other research (Keenan and Auer 1974; Smith 1983; 
Senft 1978). Senft and Smith found a positive correlation between 
cellular phosphorus levels and PBm while Keenan and Auer found that 
the rate of photosynthesis decreased with increasing phosphorus 
deficiency and increased after additions of phosphorus to P-deficient 
cells. I did not find documentation in the literature for the 
response of Alpha (to nutrient additions) although long term studies 
(Fee et al. 1987) suggest a positive correlation between Alpha and 
phosphorus concentrations in nutrient deficient lakes. 
The essentially equal response (of both parameters) to the two 
highest P- additions (16 and 24 ugP/L) may be partially due to luxury 
consumption (at the 24 ugP/L level) which has been demonstrated in 
this species (Keenan and Auer 1974). Although available phosphorus 
was depleted at all treatment levels, some excess phosphorus probably 
was stored intracellularly as polyphosphate (Keenan and Auer 1974) . 
~ 
Therefore at the time photosynthesis was evaluated, the cellular 
P- levels of the two highest treatment levels (16 and 24 ugP/L) may 
have been sufficient for maximum photosynthesis . Senft (1978) reports 
a negligible increase in PBm once cellular P reaches a certain level 
(50-100 nmols/ug chl a) . It is likely that cellular P of the cells 
of the 16 and 24 ugP/L treatment levels were in this range based on 
the phosphorus that was added (approximately 75 nmols of P/ug chl a at 
the 24ug/L ~treatment). In the lowest treatments (0 and 8 ugP/L), 
cellular phosphorus levels may have been depleted to extremely low 
levels due to growth after P-additions (60% increase in clorophyll a), 
resulting in a response (of Alpha and PBm) that was virtually 
identical , despite different initial phosphorus concentrations (Senft 
1978; Keenan and Auer 1974; Smith 1983). In my experiment, the 
overall effect was two distinct photosynthetic response levels rather 
than the four that might have been expected (since four levels of 
phosphorus were added). 
These results although limited in scope, support the concept that 
it is the internal nutrient status of the phytoplankter and not 
ambient nutrient levels that affects these parameters (Glover 1980; 
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Keenan and Auer 1974). This suggests that Alpha and PBm will be good 
indicators of nutrient perturbations only if the phytoplankton are 
nutrient limited (see Fee et al. 1987) . The response of PBm to 
nutrient deficiency also is species dependent (Glover 1980) which 
means that nutrient related changes in PBm, may also reflect changes 
in sp~ies composition. This complicates the use of PBm as an 
indicator of nutrient perturbations and supports Glover's claim (1980) 
that PBm ""is not a good indicator of the nutrient health •• of the 
population unless species composition is known. 
Within the limitations mentioned above , Alpha and PBm have the 
potential to function as indicators of nutrient conditions in aquatic 
ecosystems. However s1nce other variables such as phytoplankton 
composition affect these parameters, characterization of the algae 
present and continuous monitoring of other variables that affect Alpha 
and PBm will greatly assist the interpretation of PBm and Alpha data . 
Toxic Chemica l s Experiments (Tables 10 , 11 , 12 and 13) 
Initial concentrations (ambient) of PCB ' s and DDT were chosen to 
bracket levels reported for Lake Ontario (Biberhofer and Stevens 1987; 
Waller and Lee 1979 ; Haile et al. 1975). The more recent study by 
Biberhofer and Stevens (1987) suggests that concentrations of these 
chemicals in the water have decreased substantially since the mid 
1970 ' s. 
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The lack of a response in PBm to DDT (Table 10) is consistent with 
the findings of Fisher (1975) but not with Wurster (1968) or 
Glooschenko (1971). The effect of DDT on phytoplankton photosynthesis 
is not well documented and where reported. the methodology is not 
consistent. Wurster (1968) and Glooschenko (1971) report a decrease 
in carbon uptake of the entire culture. after addition of DDT while 
~ 
Fisher (1975) found that carbon uptake per cell did not decrease after 
addition of DDT. Concentrations ~n all three studies were 
approximately one thousand times greater than ~n our study and 
exposure times were either less than (Glooschenko 1971) equal to 
(Wurster 1968) or greater (Fisher 1975) than our study. It is 
difficult to compare these studies to each other because Wurster 
(1968) and Glooschenko (1971) did not normalize carbon uptake on a per 
cell basis. For example. if cell densities are taken into 
consideration in Wurster's (1968) study. carbon uptake per cell did 
not change in response to DDT (Fisher 1975). Comparison with our 
study is difficult because chlorophyll levels were not measured in the 
above studies (as it was in our study) and may have changed ~n 
response to DDT. 
The increase in Alpha to additions of DDT is difficult to 
explain. Apparently DDT affects chloroplast electron transport (Bowes 
1972) which may explain the decrease in growth rates reported by many 
authors (see Fisher 1975) . However. one might also expect a decrease 
in Alpha (and PBm) although at very low concentrations (20 to 80 
ng/L). DDT may actually increase the cell's ability to gather light 
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(efficiency) through some change in the chloroplast. The stimulation 
of Alpha cannot be due to the carrier solvent (acetone) because an 
equal amount was added to all treatments includ i ng the control. 
Generally , DDT additions to batch cultures have inhibited growth 
(Powers et al. 1975; Mosser et al . 1972 ; Fisher 1975). There was no 
indication that DDT affected culture growth in our experiment although 
~ 
this was not carefully tested . 
PCB ' s have been found to stimulate (Gotham and Rhee 1982 ; 
Lederman and Rhee 1982b; Glooschenko and Glooschenko 1975) , inhibit 
(Harding and Phillips 1978) or have no effect on photosynthesis 
(Fisher 1975; O' Connors et al. 1978). Harding and Phillips (1978) 
also report a decrease in the slope of the photosynthesis-light curve 
(Alpha) after additions of PCB ' s to batch cultures . The effect of 
PCB ' s on photosynthesis and growth is dependent on species (Gotham and 
Rhee 1982 ; Lederman and Rhee 1982b; Lin and Simmons 1981; Harding and 
Phillips 1978; Fisher and Wurster 1973 ; Mosser et al . 1971) . We did 
not find either stimulation or inhibition of PBm (Table 12) or Alpha 
(Table 13) to PCB additions . The above studies reported photosynthesis 
as uptake of carbon which was either normalized per cell (Harding 
and Phillips 1978; Glooschenko and Glooschenko 1975; Fisher 1975) or 
per unit of chlorophyll (Gotham and Rhee 1982 ; Lederman and Rhee 
1982b; O'Connors et al. 1978). Initial PCB concentrations (ambient) 
were one hundred to a thousand times greater than our study , while 
exposure times varied greatly , most being longer than our study. Most 
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studies used batch culture except Gotham and Rhee (1982) and Lederman 
and Rhee (1982b). 
It is difficult to compare the results of these studies with our 
study because of the variation ~n methodology . Our findings agree 
with O' Connors et al. (1978) who found no change in carbon uptake per 
A 
unit o f ' chl a . in response to PCB additions. However . initial PCB 
concentrations (O ' Connors et al. 1978) were at least one hundred times 
greater than our experiment . photosynthesis was measured in situ and 
light levels were not reported. Consequently, there is no way to 
determine whether their results are comparable to ours. 
Cellular chlorophyll declines in response to PCB ' s (Gotham and 
Rhee 1982; Lederman and Rhee 1982b ; O' Connors et al. 1978) which could 
explain why Harding and Phillips (1978) who reported carbon uptake per 
cell. found a decrease ~n photosynthesis. Other studies which 
reported photosynthesis as carbon uptake per unit chlorophyll (Gotham 
and Rhee 1982); Lederman and Rhee 1982b; O' Connors et al. 1978) . did 
not find a dec~ease in photosynthesis. Gotham and Rhee (1982) report 
an increase in carbon uptake per cell. in two species . In batch 
culture experiments . photosynthetic inhibition (due to PCB ' s) 
decreases with time as cell density increases and chemical 
concentration decreases (Phillips and Harding 1978). This may explain 
why Fisher ' s (1975) results (he ran C-uptake after 48 hours) differ 
from Harding and Phillips (1978) who ran C-uptake immediately after 
adding the PCB ' (our approach was similar to Fisher ' s because we 
allowed 24 hrs after PCB addition before measuring photosynthesis) . 
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Also, not all the spec~es that Harding and Phillips (1978) tested 
exibited a decline in photosynthesis. Generally , PCB ' s inhibit 
phytoplankton growth (Lin and Simmons 1981; Harding and Phillips 1978; 
O'Connors et al. 1978; Fisher 1975; Glooschenko and Glooschenko 1975; 
Fisher and Wurster 1973; Mosser et al. 1972) and the degree of 
inhibit) on is dose dependent ( 0, Connors et al. 197 8). 
We did not measure cellular concentrations of either DDT or PCB's 
nor were they measured in the studies reported above with the 
exception of Gotham and Rhee (1982) and Lederman and Rhee (1982b) . In 
a natural ecosystem, the phytoplankton will continue to bioconcentrate 
pesticides to levels many times higher than ambient (Lederman and Rhee 
1982a). Bioconcentration of a organochlorine chemical is a function 
of the concentration in the water (media) . the biomass and the 
exposure time (Neurdorf and Kahn 1975; Lederman and Rhee 1982a) . 
Therefore, batch culture studies probably do not simulate 
environmental conditions very well because ambient concentrations 
change as the cells absorb the chemical. The semicontinuous culture 
technique used by Gotham and · Rhee (1982) provides a method of 
controlling both cell density and pesticide concentration (of the 
media) and therefore is superior to the batch technique , especially if 
cellular concentrations (of the chemical) are measured. 
The lack of response of PBm to DDT and PCB ' s (and limited 
response of Alpha to DDT), suggest that these parameters are not 
adequate functional indicators of ambient organochlorine levels in an 
aquatic ecosystem. In addition, the species specific response to both 
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DDT and PCB.s in combination with phytoplankton species diversity 1n 
fresh water systems speaks against their use as indicators of 
organochlorine contamination . 
Zooplankton Experiment (Tables 14 and 15) 
f our density levels of Daphnia ~ that bracket the maximum 
cladoceran density recorded from February 1986 to February 1987 1n 
Lake Ontario . were used in this experiment. 
Increases 1n PBm and Alpha . in response to increasing zooplankton 
density may be nutrient related. The nutrient concentration of the 
media may have been enriched by the zooplankton through nutrient 
recycling (regeneration) . Our results are consistant with Gliwicz 
(1975) who found a positive correlation between PBm and zooplankton 
grazing 1n situ which he attributes to nutrient recycling by the 
zooplankton . Phosphorus regeneration by zooplankton is a significant 
source of this nutrient . supplying in some cases. more than is needed 
for normal algae photosynthesis (Peters and Riger 1973; Peters 1972; 
Lehman and Sandgren 1985). Bergquist and Carpenter (1986) found an 
increase in primary productivity and algal growth rate in response to 
zooplankton grazing while Porter (1976) found that a colonial green 
algae increased in numbers after Daphnia was added to the cultures. 
Although nutrient absorbance during gut passage proved to be a major 
source of phosphorus (in the Porter study). zooplankton excretions 
also provided phosphorus that was assimilated by the algae. 
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The three hour feeding period that we used , was probably 
sufficient for some nutrient recycling to have occurred (Porter 1976; 
Peters 1972) . Whether this resulted in an ~ncrease in available 
nutrients or more importantly in differences in cellular nutrient 
levels, is impossible to say because neither was measured . However, 
subseqfient measurements of ambient phosphorus levels (SRP) during and 
after a similar experiment , demonstrated that levels were far ~n 
excess of required amounts . There is evidence that a response to 
zooplankton density will occur only if the phytoplankton are nutrient 
limited (Lehman and Sandgren 1985). Cropping may also decrease the 
average cell size which ~n turn increases the efficiency of nutrient 
uptake per unit biomass resulting ~n a increase ~n PBm (Gliwicz 1975). 
Other studies have reported a negative correlation between cell volume 
and PBm (Taguchi 1976; Harrison and Platt 1976 or Glover 1980) . It 
is possible that the Daphnia selected larger cells allowing smaller 
cells to survive in greater percentages . Differences in self-shading 
or shade adaption cannot be discounted as factors contributing to the 
increase in Alpha and PBm since chlorophyll concentration decreased 
with increasing zooplankton density . 
My experiment and other studies (Gliwicz 1975), suggest that 
Alpha (Gliwicz does not mention Alpha) and PBm are positively affected 
by zooplankton cropping. To what extent this is due to nutrient 
recycling and availability is uncertain . This would mean a lack of 
reliability in these functional indicators s~nce zooplankton changes 
are a natural occurrence and therefore sampling in areas of localized 
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high or low zooplankton density will lead to values of Alpha and PBm 
that do not reflect conditions in the larger aquatic ecosystem. 
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SUMMARY 
1. Alpha and PBm may be useful as indicators of phosphorus 
perturbations particularly when the phytoplankton is phosphorus 
limited. An analysis of the impact of nutrients on these parameters 
should consider variables such as temperature, phytoplankton and 
;J.I 
zooplankton composition and solar radiation. The effects of 
phosphorus and other nutrients on Alpha is poorly understood and 
warrants further investigation. 
2. Alpha and PBm probably are not good indicators of toxic chemicals 
such as organochlorines because of the variation in (or lack of) the 
response of the phytoplankton to these chemicals. Additional studies 
are needed to examine the relationship between cellular concentrations 
of these chemicals and the parameters, to determine if Alpha and PBm 
will respond to increases in cellular levels within a range of values 
currently found in the Great Lakes. The positive response of Alpha to 
low levels of DDT should be confirmed and investigated further to 
determine if it "is universal or species specific. 
3. Zooplankton density may affect Alpha and PBm through nutrient 
recycling (regeneration) , cropping or by some other mechanism. This 
could affect whole lake studies since sampling in areas of especially 
high or low zooplankton density could result in values that are not 
indicative of whole lake values. Seasonal changes in zooplankton 
structure should be considered in long term studies since year to year 
changes (in zooplankton density and composition) could affect 
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parameter values. Additional studies are needed to determine whether 
the the observed response 1s a function of nutrient recyling, 
self- shading or some unidentified factor. 
4 . Phytoplankton density, through self-shading, can affect 
incubator measurements of Alpha. This should be considered when 
comparing results from samples with large differences in chlorophyll 
concentration. Every effort should be made to minimize the effects of 
self-shading by reducing bottle diameter and measuring irradiance 
within the incubator bottle . 
5. No statement can be made about the reliability of Alpha versus 
PBm although we saw no support for the theory that Alpha is more 
stable than PBm and therefore potentially a better indicator . 
However , our results tend to confirm the positive correlation between 
Alpha and PBm . 
6 . Alpha and PBm are probably most useful as functional indicators 
when applied to long term studies of natural aquatic ecosystems . 
Because many other variables affect these parameters, it may be 
difficult to use them on a short term basis to isolate the cause of 
system perturbations . In a long term study , a relationship between 
these parameters and other ecosystem variables can be established and 
used to identify the variable(s) responsible for significant changes 
in the parameters. 
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Table 1. Composition of the culture media (mg/1) 
LOW 
COMPOUND MG- 1 MG-2 PHOSPHATE STARVATION 
====================================================================== 
CaC12.2H20 36.76 36.76 36.76 36.76 
MgS04 . 7H20 37.97 37 . 97 37 . 97 37 . 97 IIJl' 
NaHC03 126.00 63.00 63.00 63 . 00 
KHC03 10 . 00 15 . 00 15.00 15 . 00 
K2HPo4 8. 71 8. 71 * 0.17 
NaN03 85 . 01 85.01 85.01 85 . 01 
Na2sio3 . 9H20 28 . 42 28.42 28 . 42 28 . 42 
Na2EDTA 4 . 36 4 . 36 4.36 4.36 
FeC13 .6H20 3 . 15 3. 15 3 . 15 3.15 
Cuso4 .5H20 0.01 0 . 01 0.01 0.01 
Znso4 • 7H20 0.022 0.022 0.022 0.022 
CoC12.6H20 0.01 0 . 01 0 . 01 0.01 
NaMo04 . 2H20 0.006 0.006 0 . 006 0.006 
MnC1 2.6H20 0.18 0 . 18 0.18 0 .18 
TRIS 500.00 500.00 500 . 00 500 . 00 
Thiamine-HC1 0.10 0.10 0.10 0 . 10 
Biotin 0 . 0005 0.0005 0 . 0005 0.0005 
KCl variable 0 
pH (at 20°C) 7.8 7.7 7.7 7.7 
* Adjusted to 4 . 35 mg/L for Nutrient Experiment 
0 Used in Nutrient Experiment to compensate forK added as K2HP04. 
47 
Table 2. Response of PBm to pos1t1on in the incubator . Three hour 
incubat ion of Anabaena flos-aquae at 20±1°C. Positions are shown in 
Fig. 3 . Light intensity was adjusted using three screens (see Fig. 
6). 
Replicates 
1ft [mg C I (mg Chl .Hr )] 
Position 
(On Wheel) 1 2 Mean 
1 2.02 2 .05 2.04 
2 1.60 1.75 1.68 
3 1. 80 1.76 1.78 
4 1.76 1.99 1.88 
5 1.77 L83 1.80 
6 1.99 1.40 1.60 
Analysis of Variance 
Source of Degrees of Sum of Mean 
Variation Freedom Squares Square 
Position 5 0.2373 0.475 
Error 6 0 . 1168 0.0195 
Total 11 0.3541 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
Position 
-----+---------+---------+---------+-
1 (-------*-------) 
2 (-- -----*----- --) 
3 (- -- ----*------ - ) 
4 (-------*- ---- --) 
5 (-- -----*- ------) 
6 (-------*-------) 
-----+---------+---------+---------+-
1. 50 1 . 80 2 .10 2 . 40 
PBm 
48 
F 
2.44 
Table 3. Response of Alpha to pos1t1on in the incubator. Three hour 
incubation of Anabaena flos-aquae at 20±1°C. Positions are shown in 
Fig. 3 . Light intensity was adjusted using three screens (see Fig . 
6). 
1M [mg C I 
Replicates _2 (mg Chl.Einstein.M )] 
Position 
(On Wheel) 1 2 Mean 
1 3 . 58 3.21 3 .40 
2 3 . 45 3.51 3.48 
3 3 . 10 2 . 82 2.96 
4 3.25 2 •. 56 2 . 90 
5 3 . 38 3 . 59 3 .48 
6 3 . 25 3.38 3.32 
Analysis of Variance 
Source of Degrees of Sum of Mean 
Variation Freedom Squares Square 
Position 5 0 .6725 0.1345 
Error 6 0 . 37 80 0.0630 
Total 11 1 .0505 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
Position 
---------+---------+---------+-------
1 (---- ---*-------) 
2 (-------*-------) 
3 (--- ----*- - - - ---) 
4 (- ------*-- -----) 
5 (-------*-------) 
6 (--- ----*-- -----) 
---------+---------+---------+-------
2.80 3 . 20 3.60 
Alpha 
49 
F 
2.13 
Table 4. Response of PBm to the size of the incubator bottle. Four 
hour incubation of Anabaena flos-aquae at 20±1°C. Light intensity was 
adjusted using three screens (see Fig. 6). 
, 
Volume 
in mls 
60 
120 
240 
Source of 
Variation 
Volume 
Error 
Total 
Volume 
Replicates 
[mg C I ( mg Ch l. Hr) ] 
1 2 Mean 
1.47 1.44 1.46 
1.53 1.34 1.44 
1.45 1.38 1.42 
Analysis of Variance 
Degrees of Sum of Mean F 
Freedom Squares Square 
2 0 . 00160 0.00080 0.11 
3 0.02095 0.00698 
5 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
mls ---------+---------+---------+--------
60 (--------------*--------------) 
120 (--------------*--------------) 
240 (--------------*--------------) 
---------+---------+---------+--------
1.32 1.44 1.56 
PBm 
50 
Table 5. Response of Alpha to the size of the incubator bottle. Four 
hour incubation of Anabaena flos-aquae at 20±1°C . Light intensity was 
adjusted using three screens (see Fig . 6). 
~ Volume 
in mls 
60 
120 
240 
Source of 
Variation 
Volume 
Error 
Total 
Volume 
[mg C I 
Replicates _2 (mg Chl.Einstein.M )] 
1 2 Mean 
5.68 4 . 7 5 5.22 
5.18 5.61 5 .40 
3.99 4.34 4.16 
Analysis of Variance 
Degrees of Sum of Mean 
Freedom Squares Square 
2 1.765 0. 883 
3 0.586 0.195 
5 2.351 
Individual 95% Confidence Intervals 
· for Means (pooled standard deviation) 
mls ---------+---------+---------+---------
60 (---------*---------) 
120 (---------*---------) 
240 (---------*---------) 
---------+---------+---------+---------
4.0 s.o 6.0 
Alpha 
51 
F 
4.52 
Table 6. Response of PBm to increasing phytoplankton density . Four 
hour incubation of Anabaena flos - aquae at 20±1°C. Light i ntensity was 
adjusted using three screens (see Fig . 6) . 
Replicates 
[mg C I (mg Chl .Hr)] 
Chl~ophyl~ 
concentrat~on 1 2 3 Mean 
ug/L 
1.8 4.53 4.24 3 . 7 8 4 . 18 
4.3 4.26 4 . 49 3.98 4.24 
7.0 3. 84 4 . 52 4 . 37 4.24 
9.6 3.42 3.41 4 . 59 3. 81 
Analysis of Variance 
Source of Degrees of Sum of Mean F 
Variation Freedom Squares Square 
Chlorophyll 3 0.398 0.133 0.67 
Err.or 8 1.592 0 . 199 
Total 11 1 . 990 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
Chlorophyll 
concentration 
ug/L ------+---------+---------+---------+ 
1.8 (-----------*-----------) 
4.3 (-----------*-----------) 
7.0 (-----------*-----------) 
9 . 6 (-----------*-----------) 
------+---------+---------+---------+ 
3.50 4.00 4.50 5.00 
PBm 
52 
Table 7 . Response of Alpha to increasing phytoplankton density. Four 
hour incubation of Anabaena flos-aquae at 20±1°C. Light intensity was 
adjusted using three screens (see Fig . 6) . 
Chlorfthyll 
conce tration 
ug/L 
1.8 
4.3 
7.0 
9.6 
------ ... 
Source of 
Variation 
Chlorophyll 
Error 
Total 
*p < 0 .OS 
Chlorophyll 
concentration 
[mg C I 
Replicates _2 (mg Chl.Einstein.M )] 
1 2 3 
11.77 13.26 11.55 
12.64 12.68 14.04 
9.98 9.60 11.42 
10 . 44 12.01 10.17 
Analysis of Variance 
Degrees of Sum of Mean 
Freedom Squares Square 
3 14 . 374 4.791 
8 6 . 819 0 . 852 
11 21.193 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
ug/L ----+---------·:---------+---------+--
1.8 (- -----*-------) 
4.3 (-------*-------) 
7.0 (-------*------) 
9 .6 (-------*-------) 
----+---------+---------+---------+--
9.6 11.2 12.8 14 . 4 
Alpha 
53 
Mean 
12.19 
13.12 
10 . 33 
10.87 
F 
5.62* 
Table 8 . Response of PBm to the addition of phosphorus . Three hour 
incubation of Anabaena flos-aquae at 20±1°C . Phosphorus levels 
represent additions to the initial ambient concentration which 
averaged 9.9 ug P/L . Light intensity was adjusted using three screens 
( s e e F ig • 6 ) • 
!11 
Phosphorus 
level 
ug/L 
0 
8 
16 
24 
Source of 
Variation 
Phosphorus 
Error 
Total 
*p < 0 . 001 
Phosphorus 
level 
ug/L 
0 
8 
16 
24 
Replicates 
[mg C I (mg Chl . Hr)] 
1 2 3 
3 . 50 3 . 57 3 . 32 
3 . 42 3 . 29 3 . 32 
4 . 27 4.05 4 . 74 
3.96 4.21 4 . 32 
Analysis of Variance 
Degrees of Sum of Mean 
Freedom Squares Square 
level 3 2 . 2688 0 . 7563 
8 0 . 3591 0 . 0449 
11 2.6279 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
----------+---------+---------i-------(- - - -*-- ---) 
(-----*-----) 
(-- ---*---- - ) 
(----*-- ---) 
----------+---------+---------+-------
3.50 4.00 4.50 
PBm 
54 
Mean 
3 . 46 
3.34 
4 . 35 
4.16 
F 
16 . 85* 
Table 9. Response of Alpha to the addition of phosphorus. Three hour 
incubation of Anabaena £los-aquae at 20±1°C. Phosphorus levels 
represent additions to the initial ambient concentration which 
averaged 9.9 ug P/L. Light intensity was adjusted using three screens 
( see Fig. 6) • 
~ 
Phosphorus 
level 
ug/L 
0 
8 
16 
24 
Source of 
Variation 
Phosphorus 
Error 
Total 
*P < 0.001 
Phosphorus 
level 
ug/L 
0 
8 
16 
24 
[mg c I 
Replicates _2 (mg Chl.Einstein.M )] 
1 2 3 
6.75 7.40 7.11 
6.62 7.22 7.65 
8.71 9.28 8.56 
9.33 9.19 9.06 
Analysis of Variance 
Degrees of Sum of Mean 
Freedom Squares Square 
level 3 10.97 8 3.659 
8 1.072 0.134 
11 12 .o 50 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
-----+---------+---------+---------+-( ----*--·--) 
(----*----) 
(----*---) 
(----*----) 
-----+---------+---------+---------+-
7.0 8.0 9.0 10.0 
Alpha 
55 
Mean 
7.09 
7.16 
8.85 
9.19 
F 
27.30* 
Table 10 . Response of PBm to the addition of DDT . Three hour 
0 incubation of Anabaena flos-aquae at 20±1 C. DDT levels represent 
initial ambient concentrations . Light intensity was adjusted using 
two screens (see Fig . 6). 
~1SI 
DDT Level 
ng/L 
0 
20 
40 
80 
Source of 
Variation 
DDT Level 
Error 
Total 
DDT Level 
ng/L 
0 
20 
40 
80 
Replicates 
[mg C I (mg Chl.Hr)] 
-- - · .. - ---
1 2 3 Mean 
0 . 45 0 . 82 1.04 0 . 77 
0.97 0 . 98 1.03 0.99 
0.93 0. 92 1.12 0.99 
0 . 87 0.95 0.94 0.92 
Analysis of Variance 
--- ---- --
Degrees of Sum of Mean F 
Freedom Squares Square 
3 0.0983 0.0328 1.25 
8 0.2091 0.0261 
11 0.3074 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
---+---------+---------+---------+---(----------*---------) (---------*---------) 
(---------*---------) 
(----------*-- ------- ) 
---+---------+---------+---------+---
0.60 0.80 1.00 1.20 
PBm 
56 
Table 11 . Response of Alpha to the addition of DDT. Three hour 
0 incubation of Anabaena flos-aquae at 20±1 C. DDT levels represent 
initial ambient concentrations . Light intensity was adjusted using 
two screens (see Fig . 6). 
~ 
DDT Level 
ng/L 
0 
20 
40 
80 
Source of 
Variation 
DDT Level 
Error 
Total 
*P < 0.001 
DDT Level 
ng/L 
0 
20 
40 
80 
[mg C I 
Replicates _2 (mg Chl . Einstein.M )] 
1 2 3 Mean 
0. 7 8 0.99 0 . 93 0.90 
1.53 1.78 1.87 1.73 
1.34 1.58 1.47 1.46 
1.46 1.52 1.74 1.57 
Analysis of Variance 
Degrees of Sum of Mean F 
Freedom Squares Square 
3 1.1693 0.3898 19.7 6* 
8 0.1578 0.0197 
11 1.3271 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
---+---------+---------+---------+---
(-- --*-- - - ) 
(---*- --) 
(- --*--- ) 
(----*----) 
---+---------+---------+---------+---
0.80 1.20 1.60 1.80 
Alpha 
57 
Table 12. Response of PBm to the addition of PCB's. Three hour 
0 incubation of Anabaena flos-aquae at 20±1 C. PCB levels represent 
initial ambient concentrations . Light intensity was adjusted using 
two screens (see Fig . 6). 
Replicates 
.p. [mg C I (mg Chl .Hr)J 
PCB Level 
ng/L 1 2 3 Mean 
0 1.50 1.59 1.40 1.50 
25 1.68 1.57 1.73 1.66 
50 1.46 1.35 1.19 1.33 
100 1.09 1.52 1.37 1.33 
Analysis of Variance 
• -- o o a - .._ o ~ t • • • • ~ • o o • o - • • - -
Source of 
Variation 
PCB Level 
Error 
Total 
PCB Level 
ng/L 
0 
25 
50 
100 
Degrees of Sum of Mean 
Freedom Squares Square 
3 0.2251 0.07 so 
8 0 . 1636 0.0204 
11 0.3887 
Individual 95.% Confidence Intervals 
for Means (pooled standard deviation) 
----+---------+---------+---------+--(-------*----- ---) 
(--------*- ---- ---) 
(---- ----*-- ------) 
(--------*-------) 
----+---------+---------~---------+--
1.20 1.40 1.60 1. 80 
PBm 
ss 
F 
3.67 
Table 13. Response of Alpha to the addition of PCB's. Three hour 
incubation of Anabaena £los-aQuae at 20±1°C . PCB levels represent 
initial ambient concentrations. Light intensity was adjusted using 
two screens (see Fig. 6) . 
~ 
PCB Level 
ng/L 
0 
25 
so 
100 
Source of 
Variation 
PCB Level 
Error 
Total 
PCB Level 
ng/L 
0 
25 
so 
100 
[mg C I 
Replicates _2 (mg Chl.Einstein.M )] 
1 2 3 Mean 
2 . 70 2 . 83 2.32 2 . 62 
2.94 3 . 07 3 . 22 3 . 08 
2.88 2.63 2 . 50 2 . 67 
2. 71 2.98 2. 81 2 . 83 
Analysis of Variance 
Degrees of Sum of Mean F 
Freedom Squares Square 
3 0 . 3845 0.1282 3.52 
8 0 . 2916 0.0365 
11 0 . 6761 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
---------+---------+---------+-------(------*-------) 
(--- ----*--- ----) 
(-------*-- - ----) 
(-------*------) 
---------+---------+---------+--------
2.40 2 . 80 3 . 20 
Alpha 
59 
Table 14. Response of PBm to the addition of Daphnia ~. Three 
hour incubation of Chlorella vulgaris at 20±1°C. Light intensity was 
adjusted using two screens (see Fig. 6). 
Daphnif Leve 1 
0 Daphnia/L 
0 
20 
40 
80 
Source of 
Variation 
Daphnia Level 
Error 
Total 
*p < 0.01 
Daphnia Level 
0/L 
0 
20 
40 
80 
Replicates 
[mg C I (mg Chl.Hr)] 
1 2 3 Mean 
1.44 1.33 1.40 1.39 
1.67 1.57 1.61 1.62 
1.54 1.48 1.64 1.55 
1.77 1.62 1.92 1.77 
Analysis of Variance 
Degrees of Sum of Mean F 
Freedom Squares Square 
3 0.22269 0.07423 8.57* 
8 0.06933 0.0086 7 
11 0.29202 
Individual 95% ·Confidence Intervals 
for Means (pooled standard deviation) 
-------+---------+---------+---------(------*-----) 
(-----*-----) 
(------*-----) 
(------*----) 
-------+---------+---------+---------
1.40 1.60 1.80 
PBm 
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Table 15 . Response of Alpha to the addition of Daphnia ~- Three 
hour incubation of Chlorella vul2aris at 20±1°C . Light intensity was 
adjusted using two screens (see Fig . 6). 
Daphnia' Leve 1 
0 Daphnia/L 
0 
20 
40 
80 
Source of 
Variation 
Daphnia Level 
Error 
Total 
*p < 0.001 
Daphnia Level 
[mg C I 
Replicates _2 (mg Chl . Einstein .M )] 
--- ·-- -
1 2 3 
2.44 2.57 2 . 53 
3 .1 3 3.19 3 . 06 
2.89 2 . 91 2. 77 
3.41 3.36 3 . 31 
Analysis of Variance 
Degrees of Sum of Mean 
Freedom Squares Square 
3 1.19369 0.39790 
8 0.033 80 0.00422 
11 1.22749 
Individual 95% Confidence Intervals 
for Means (pooled standard deviation) 
Mean 
2 . 51 
3.13 
2 . 86 
3.36 
F 
94.18* 
0/L ----------+---------+---------+------
0 
20 
40 
80 
(--*--) 
(--*--) 
(--*--) 
(--*--) 
----------+---------+---------+-------
2.70 3.00 3.30 
Alpha 
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Appendix 1. Experimental levels of chlorophyll and dissolved 
inorganic carbon (DIC). 
Treatment 
Experiment Leyel Ch l orophyll (u~/L) PIC (m~/L) 
Posit iona 1 all 11.7 ± 0.2 6 . 2 ± 0 . 6 
Effects 
~ 
Bottle all 5. 6 ± 0.4 14 . 0 ± 3 . 7 
Phytoplankton 1.8 1.8 ± 0 .1 11.1 ± 0 . 2 
Density 4.3 4.3 ± 0 . 2 12.9 ± 0.5 
7.0 7 . 0 ± 0 . 6 11.8±1.1 
9.6 9.6 ± 1.3 12.6 ± 0 . 9 
Nutrient 0 13.2 ± 0.4 9.2 ± 0.2 
(phosphorus) 8 12 . 0 ± 0.9 9.1 ± 0.4 
16 10.9 ± 0.2 9. 3 ± 0.1 
24 9.7 ± o.o 9.8 ± 0.4 
Pesticides 0 13.6 ± o.s 4 . 7 ± 0.3 
(DDT) 20 13.5 ± 0 . 3 5.6 ± 0 .6 
40 13.2 ± 0.3 4.9 ± 0.3 
80 12.7 ± 0 . 3 4.8 ± 0.8 
Pesticides 0 12.6 ± 0.3 5.8 ± 0 . 4 
(PCB ' s) 25 12.2 ± 0.4 5.9 ± 0 . 1 
so 12.8 ± 0 . 2 5.4 ± 0 . 3 
100 12.4 ± 0.2 5. 4 ± 0 . 4 
Zooplankton 0 17.9 ± 0.3 5.4 ± 0.1 
20 15.3 ± 0.7 6.1 ± 0.9 
40 13 . 8 ± 0.3 5. 6 ± 0.8 
80 12.4 ± o.o 6.2 ± 0.9 
Note: Values reported as means and standard error of the mean. In most 
cases. three replicates were run per treatment level. 
62 
Appendix 2. Photosynthetic parameters from literature cited. 
PARAMETER 
PBm 
Assimila~ion 
Number(A.N) * 
Maximum A. N. 
Pm 
Pmax 
Photosynthetic 
Capacity (PC) 
Pnet max 
Popt 
Assimilation 
Ratio ** 
Alpha 
Photosynthetic 
Efficiency at low 
Irradiation (PELI) 
Quantum 
Yield 
UNITS 
mg C/ (mg Chl a).h 
same as PBm 
same as PBm 
same as PBm 
same as PBm 
umol oz~umol ~,:hla .min 
same as PBm 
same as PBm 
umol o2/mg chla.h 
same as PBm 
mg C/ (mg Chl a) . E.M-2 
gC/lux/b.g chlor 
-2 -1 
ug o2/ug chl a.hr.(E.M .s ) 
-2 
mg C/(mg chl a) . E.M 
moles C or 0 per unit of 
light absorbed (Einstein) 
* reported as the maximum A. N. 
** not at light saturation 
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SOURCE 
Jassby and Platt 
Fee 
Glover 
Harrison and Platt 
Steele 
Falkowski and Owens 
Takahashi et a 1. 
unpublished 
Carpenter 
Smith 
Senft 
Glooschenko et al. 
Jassby and Platt 
Steele 
Carpenter 
unpublished 
Bannister 
Appendix 3. Effects of environmental variables on Alpha and PBm as 
determined by this study . 
variable A..4ilia. flim 
Nutrients (Phosphorus) yes yes 
PCB ' s 
jK 
no no 
DDT yes no 
Zooplankton density yes yes 
Appendix 4 . Effects of environmental variables on Alpha and PBm as 
determined by other studies. 
variable Al pha .f.B.m 
Nutrients (phosphorus ; nitrogen) ? yes 
Temperature no yes 
Light (Shade adapt ion) yes yes 
Toxic Chemicals ? 
* 
? 
Zooplankton density ? yes 
Phytoplankton density (in situ) yes yes 
Phytoplankton shape and size yes yes 
* possibly effected by PCB's 
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